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ABSTRACT 

The human vestibular system for dynamic 
space orientation is described mathematically, 
using the identification methods of control theory. 
A biocvbernetic model is useful in predicting man's 
perceived orientation in space, postural reactions, 
nystagmus eye movements, and piloting actions based 
on motion cues. The semicircular canals, which act 
as angular velocity sehsors, have been subjected to 
a fluid dynamics analysis. The limitations of the 
torsion pendulum model are examined, and a quanti- 
tative description of adaptation is proposed. An 
otolith model, responding to linear acceleration 
f o i b 2 s ,  i s  presented and shown to agree with per- 
ception of tilt and translation, eye counter- 
rolling, and electrophysiological data. 
Cross-coupling effects are discussed, including the 
influence of linear acceleration on the semi- 
circular canals. 

INTRODUCTION 

The control systems engineer views the 
vestibular apparatus both as a potential problem 
and as a ~hallenge.~.~,~ The problem stems from 
the use of vehicles to expose men to other than 
the normal environment for which the vestibular 
system was designed, resulting in such man-machine 
interface difficulties as vertigo, disorientation, 
and motion sickness. The challenge comes in 
attempting to recreate mechanically the elements 
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of an attitude control system or short term 
inertial guidance system of the size of the non- 
auditory labyrinth. 

This paper presents our attempts to develop 
mathematical models for the functioning of the 
vestibular system, much in the manner of a control 
engineer examining the dynamic characteristics of 
the sensors of a feedback system. Such models, of 
course, indicate only average responses and are a 
guide to interpreting experiments. The overall 
framework for our investigation is shown in Fig. 1, 
in which the vestibular responses form parts of the 
postural feedback loops, the vehicle orientation 
feedback loop for the pilot situation, and the 
visual feedback loop via the mechanism of vesti- 
bular nystagmus. The emphasis of this paper is 
two-fold. Primarily it exposes the analysis and 
experiments which have been applied in the course 
of developing mathematical models of the semi- 
circular canals and otoliths. These methods are 
typical of the techniques being used througho-ut the 
field of biological control systems. Secondlv, the 
paper points out those special areas where the 
control svstems analysis has raised important 
questions directed to the physiologist. In the 
constant attempt to develop a model which explains 
behavioral "input-output" data and is consistent 
with the known physiological structure, the model 
serves its purpose in pointing out the new areas 
for investigation, posing testable hypotheses. 

SEMICIRCULAR CANALS 

Current theories for the operation of the 
semicircular canals stem from the classic work of 
Steinhausen in 1931 based in part on his direct 
observations of the deflection of the cupula in the 
pike when it was undergoing angular accelerations.4 
As seen in Fig. 2,  each canal originates from a . 
common sac, the utricle, forms a rough semicircle: 
and then returns to the other end of the utricle.' 
The operation of each semicircular canal may be 
viewed as the mechanical action of a torsion pendu- 
lum. The moment of inertia of such a pendulum 
corresponds to the moment of inertia of the fluid 
ring in the canal. The damping term results from 
the viscous forces related to endolymph flowing 
through the canal, and the elastic restraining 
force is attributed to the springiness of the 

Superior numbers refer to sim-ilarly-numbered 
references at the end of this paper. 



cupula which is displaced from its neutral posi- 
tion by any movement of the endolymph. Early 
attempts to ascertain the parameters of the'second 
order equation describing the torsion pendulum 
were carried out extensively at Utrecht and 
summarized by Van Egmond, Groen, and Jongkees in 
1949 .6  
that the differential equation for angular 
deviation of the endolymph in relation to the 
skull, and therefore angular deviation of the 
cupula, is given by 

Using their original notation, we find 

e t + a S + ~ c = a e  

where 
e =  
ll' 

A =  

c =  

a =  

moment of inertia of the endolymph 
moment of friction at unit angular velo- 
city of the endolymph with respect to the 
skull 
stiffness, or torque moment per unit 
angular deflection of the cupula 
angular deviation of the endolymph with 
respect to the skull 
component of angular acceleration of the 
skull, with respect to inertial space, 
normal to the plane of the semicircular 
cana 1 

Using this model with appropriate values of the 
parameters n / e  and A / O  , the cupula position can 
be predicted for a variety of forcing functions of 
angular position applied to the head: for example, 
constant acceleration, sinusoidal oscillation, and 
an impulse of acceleration resulting in a step 
change in angular velocity. 

Steer recently completed a detailed fluid 
dynamic analysis of the motion of endolymph in a 
rigid torus of the dimensions of the semicircular 
canal, assuming no flow at the surface of the 
canal and initially no cupula present (see Fig. 3 ) ?  
Solution of the Navier-Stokes equations for fluid 
flow €allowing a sudden angular acceleration 
results in the expression 

vL(r-. z. t) = m [Ci Zi(Air)cosBiz e (Ai?: 1 

i= 1 
where 

Z(Air) represents first order Bessel functions 
and 

(Xi)'= A: + Bi 
The coefficients C and A .  may be arrived at by 
considering the boundary ionditions and the 
equation expressed as a transfer function in 
Laplace no tation: 

i 

f ls )  = mean fluid velocity 
a ( s )  = angular acceleration 

The detailed analysis then reveals that the effects 
of viscous drag and moment of inertia in the 
semicircular canals can be represented by the 
parallel actions of a sum of first order lag 
networks. 96% of the effect in the flow 
drag/inertia ratio is accounted for by the first 
term, which is the only term present in the simple 
torsion pendulum model. Furthermore, the effects 
of the other Bessel functions are even more rapidly 
damped out than the major one. An additional 
important contribution to the damping term is the 
viscous drag of the cupula as it is displaced in 
the ampulla. As shown pictorially in Fig. 4 
motion of the fluid in the canal is opposed by 
elastic restraining forces proportional to dis- 
placement of the cupula and a viscous force propor- 
tional to the rate of change of cupula angle. 
Steer demodstrates that the major portion of the 
system damping could be attributable to the drag 
of the cupula in the membranous ampulla, provided 
that the separation between the two be less than 

cm. This assumes the following dimensions for 
canal and cupula, based on micrographs of Igarashi? 

a = .15 mm (canal tube diameter) 
B = 0.6 nun (radius of cupula) 

$ J ~  = 0.6 rad (angular cross-section of cupula) 
The wall separation is entirelv consistent with 
injection micrographs of Groen et al.* 
it would appear that the torsion pendulum model is 
sufficaently accurate to predict the mechanical 
dynamic response bf the semicircular canals, but 
that the rationale behind it, i.e., attributing the 
drag solely to viscosity, is in error in neglecting 
the force necessary to slide the cupula in'the 
ampulla. 

Thus 

A significant body of experimental evidence 
supporting the semicircular canal model was sum- 
marized by Groen in his comprehensive review in 
1956.~ 
Cawthorne et a1 in the same year emphasized the 
system response to transient inputs. More recently 
Jones et a1 at McG!ll,.Hixson, Niven, Guedry et a1 
at Pensacola, Cappell at the Franklin Institute, 
Mayne, and our group at M.I.T. have emphasized the 
systems aspects of the semicircular canal response 
and pursued its analysis in the frequency domain. 

These articles and the clear exposition by 

The torsion pendulum equation written in 
Laplace transform notation, relating cupula deflec- 
tion to head angular acceleration, is 

If the roots of the denominator are real and widely 
separated (i.e., the system overdamped and 
A/T <<  n/e), the equation may be approximated as 

1 
( s  + a)(s + b) a(s) 

where 
A 

Ianominal = 0.1 radlsec for lateral canals, 

a = - (0.04 to 0.2 rad/sec) 

0.14 radfsec for posterior and 
superior canals] 



and 

b -  

cor responding  t o  t h e  long  t i m e  c o n s t a n t  of 
t h e  cupula  r e t u r n  phase 

(4 t o  300 r a d l s e c )  - 10 r a d l s e c ]  [bnominal 

cor responding  t o  t h e  s h o r t  t i m e  cons t an t  
of t h e  system 

Impulse Response 

The t o r s i o n  pendulum model p r e d i c t s  t h a t  t h e  
response t o  a sudden impulse of a c c e l e r a t i o n  or 
s t e p  of v e l o c i t y  y r a d l s e c  ( o r  sudden s topp ing  of 
t h e  s k u l l  a f t e r  prolonged r o t a t i o n  a t  cons t an t  
angular  v e l o c i t y )  wyuld be- 

The cupula response  is a r a p i d  d e f l e c t i o n ,  wi th  
t i m e  cons t an t  B / n ,  t o  a maximum of O / n  t imes t h e  
impulse, followed by an  exponen t i a l  decay back t o  
ze ro  wi th  t i m e  cons t an t  V I A .  The t i m e  r equ i r ed  
f o r  t h e  cupula d e f l e c t i o n  t o  r e t u r n  t o  any g iven  

t h  is cons t an t  l e v e l ,  such as a th re sho ld  ang le  C 
given  by 

From the  f i r s t  e x p o s i t i o n  of t h e  t o r s i o n  uen- 
dulum model, r e f e r e n c e  was  made t o  d u r a t i o n  of 
s u b j e c t i v e  s e n s a t i o n  of r o t a t i o n  followine. an 
impuls ive  s t o p .  Not ice  t h a t  t h e  loga r i thmic  r e l a -  
t i o n s h i p  between t h e  d u r a t i o n  of p o s t - r o t a t i o n  
nystagmus and ohe s t r e n g t h  of t h e  impulse or 
o r i g i n a l  angular  v e l o c i t y ,  Y ,  has  a s l o p e  which 
depends only  on V I A  or t h e  r a t i o  of d rag  t o  e l a s t i c  
r e s t r a i n i n g  fo rce .  However, t h e  o v e r a l l  d u r a t i o n  
t i m e  depends upon t h e  th re sho ld  f o r  cupula  d e f l e c -  
t i o n  (which can  be expressed  i n  terms of minimum 
d e t e c t a b l e  angu la r  v e l o c i t y  impulse) .  This  
assumption of s e n s a t i o n  of r o t a t i o n  i n d i c a t i n g  
cupula  d e f l e c t i o n  i s  examined f u r t h e r  i n  t h e  adap- 
t a t i o n  model cons idered  below. T h i s  r e l a t i o n s h i p  
l e a d s  t o  t h e  use  of t h e  cupulogram or impuls ive  
s t o p  experiments which a r e  u s e f u l  c l i n i c a l l y ,  and 
which y i e l d  g e n e r a l l y  c o n s t a n t  s l o p e  of t i m e  
d u r a t i o n  v s .  l og  angu la r  v e l o c i t y ,  f o r  angu la r  
v e l o c i t y  s t e p s  from th resho ld  (approximate ly  
2" I sec )  up t o  60'1sec. 
v e l o c i t y  is t r acked  du r ing  t h e  experiment or indeed 
t h e  angu la r  v e l o c i t y  of slow-phase v e s t i b u l a r  
nystagmus (bo th  of  which were assumed p r o p o r t i o n a l  
to  cupula  d i sp l acemen t ) ,  y e t  ano the r  check on t h e  
model is achieved  f o r  t h e  same type  of experiment.  
Add i t iona l ly ,  Cawthorne e t  a1 t r acked  t h e  oculo- 
g y r a l  i l l u s i o n  psychophys ica l ly  d u r i n g  pos t -  
r o t a t i o n  s e n s a t i o n .  l o  
exper imenta l  r e s u l t s  of  t h e s e  t h r e e  tests showing 
good agreement wi th  t h e  model p r e d i c t i o n  of s t r a i g h t  
l ines  on semi-log plots. Of c o n s i d e r a b l e  c u r i o s i t y ,  
however, is t h e  c o n s i s t e n t  d i f f e r e n c e  i n  t h e  r a t i o  
V I A ,  o r  t h e  s l o p e  of t h e  cupulogram l i n e ,  depending 
upon whether nystagmus ( o b j e c t i v e )  o r  s u b j e c t i v e  
angu la r  v e l o c i t y  measurements are used. T h i s  w i l l  
be d i scussed  f u r t h e r  below i n  t r e a t i n g  a d a p t a t i o n .  

When s u b j e c t i v e  angu la r  

Fig.  5 i n d i c a t e s  t y p i c a l  

(The d i f f e r e n c e  i n  s l o p e  between t h e  ocu logyra l  
i l l u s i o n  and s e n s a t i o n  of  r o t a t i o n  as seen  i n  Fig.  
5 is probably  a n  a r t i f a c t  of t h e  QGI t r a c k i n g  method 
and is not  s een  i n  Howard and Templeton." 

S t e p  Response of Tors ion  Pendulum Model 

The s imple  model can  a l s o  be  t e s t e d  by us ing  
s t e p s  of c o n s t a n t  a c c e l e r a t i o n  and observ ing  t h e  
l a t e n c y  of s e n s a t i o n .  I f  t h e  s u b j e c t  i s  s t a r t e d  
from rest and r o t a t e d  a t  a c o n s t a n t  angu la r  acceler- 
a t i o n  a r a d / s e c 2 ,  t h e  model p r e d i c t i o n  of cupula 
d e v i a t i o n  i s  A - -t e i ( t )  1: a - e ' 
n e g l e c t i n g  t h e  i n f l u e n c e  of t h e  s h o r t  t i m e  c o n s t a n t .  
S o l u t i o n  of t h i s  equa t ion  f o r  t h e  t i m e  r equ i r ed  f o r  
t h e  cupula  t o  exceed th re sho ld  y i e l d s  t e s t a b l e  
p r e d i c t i o n s .  

Fleiry showed t h a t  t h e  t i m e  t o  d e t e c t  angu la r  
a c c e l e r a t i o n  v a r i e d  g e n e r a l l y  w i t h  t h e  magnitude of 
t h e  a c c e l e r a t i o n  accord ing  t o  t h e  t o r s i o n  pendulum 
formula over t h e  range  0 .1° / sec2  t o  10° / secZ . '  
Agreement is good over most of t h e  range ,  w i t h  t i m e s  
s l i g h t l y  s h o r t e r  than  p r e d i c t e d  near  t h r e s h o l d  
a c c e l e r a t i o n s .  Meiry e s t a b l i s h e d  ver t ical  c a n a l  
t h r e s h o l d s  of 0 .5" /sec2  which are cons ide rab ly  
h igher  than  t h e  h o r i z o n t a l  t h re sho lds  of approxi -  
mate ly  0 .14° /sec2 .  A comprehensive review of t h e  
d a t a  on response  t o  angu la r  a c c e l e r a t i o n  w a s  
r e c e n t l y  publ i shed  by C l a r k . l L  

S inuso ida l  S t imula t ion  

A f a v o r i t e  test technique  used i n  t h e  f i e l d  of 
feedback c o n t r o l  systems i s  t h e  u t i l i z a t i o n  of a 
s i n u s o i d a l  f o r c i n g  func t ion .  S ince  t h e  t o r s i o n  
pendulum model i s  l i n e a r  except  for t h e  th re sho ld  
phenomenon, i t  i s  amenable t o  a n a l y s i s  by such 
frequency response  methods. 

The t o r s i o n  pendulum model p r e d i c t s  t h a t  5 
should be i n  phase wi th  a c c e l e r a t i o n  ( l ead ing  ve lo-  
c i t y  by 90') a t  ve ry  low f r equenc ie s ,  i n  h a s e  wi th  
v e l o c i t y  a t  t h e  n a t u r a l  frequency ( w  = h) and 
f i n a l l y  l agg ing  v e l o c i t y  by n e a r l y  98' a t  v e r y  h igh  
f r equenc ie s .  The wide s e p a r a t i o n  of t h e  n a t u r a l  
f r equenc ie s  of t h e  semic i r cu la r  c a n a l  r e s u l t s  i n  a n  
e x t e n s i v e  frequency range  i n  which t h e  cupula  d i s -  
placement is approximate ly  i n  phase wi th  t h e  angu la r  
v e l o c i t y  of t h e  head. S ince  t h i s  cove r s  much of t h e  
frequency range  encountered i n  normal d a i l y  act i -  
v i t i e s  ( n o t  i nc lud ing  such a r t i f i c i a l  a c t i v i t i e s  as 
prolonged s p i n s )  , Jones  and Milsum, Mayne,' and 
o t h e r s  have s t r e s s e d  t h e  behavior  of t h e  semic i r -  
c u l a r  c a n a l s  as v e l o c i t y  t r ansduce r s .  It must be  
remembered, however, t h a t  they  are indeed v e l o c i t y  
t r a n s d u c e r s  on ly  over t h e  mid-frequency range .  I n  
a t t empt ing  t o  de te rmine  t h e  exac t  90' phase l a g  
po in t  by t h e  t o r s i o n  swing exper iment ,  Van Egmond e t  
a1 have found a n  average  v a l u e  of 1 r a d l s e c ,  t h u s  



Xeiry  explored  the pbeoe r e l a t i o n o h i p s  i n  
v e s t i b u l a r  nystagmus t o  s i n u s o i d a l  o s c i l l a t i o n s  
over t h e  frequency range  0 . 2  t o  10 r a d l s e c ,  u s i n g  
peak i n p u t  ampl i tudes  of 10' ove r  most of t h i s  
range .  
w i t h  t h e  model based on t h e  t o r s i o n  pendulum 
approximat ion ,  assuming t h a t  i n s t an taneous  angu la r  
v e l o c i t y  of t h e  slow phase nystagmus is propor- 
t i o n a l  t o  cupula  d isp lacement .  '' 

The phase r e l a t i o n s h i p s  a g r e e  g e n e r a l l y  

A t y p i c a l  v e s t i b u l a r  nystagmus r eco rd  is ob- 
t a i n e d  by p h o t o e l e c t r i c  measurement of h o r i z o n t a l  
eye  p o s i t i o n  f o r  r o t a t i o n  about t h e  v e r t i c a l  a x i s  
( s e e  F ig .  6 ) .  By e l i m i n a t i n g  t h e  f a s t  phase of 
nystagmus, t h e  smooth p o r t i o n s  can  be  f i t t e d  to- 
ge the r  t o  form t h e  "cumulative eye  p o s i t i o n , "  whose 
phase w i t h  r e s p e c t  t o  t h e  in s t an taneous  s imula to r  
p o s i t i o n  i s  e a s i l y  measured. The f requency  responsz 
of v e s t i b u l a r  slow phase nystagmus, i n  terms of eye  
v e l o c i t y  wi th  r e s p e c t  t o  inpu t  v e l o c i t y ,  i s  
approximated by t h e  r e l a t i o n s h i p  

eye  v e l o c i t y  
inpu t  v e l o c i t y  

-3.2s 
(8s + 1)(0.04s + 1) 

Adapta t ion  and Hab i tua t ion  

A p e r s i s t e n t  d i f f i c u l t y  w i t h  t h e  s imple  t o r s i m  
pendulum model, which-has  concerned i n v e s t i g a t o r s  
f o r  many yea r s ,  is t h e  l a c k  of a s u i t a b l e  explana- 
t i o n  of  a d a p t a t i o n  o r  h a b i t u a t i o n .  (Adapta t ion  i s  
t h e  decreased  s e n s i t i v i t y  t o  a con t inu ing  s t imu lus ,  
whereas h a b i t u a t i o n  r e f e r s  t o  t h e  dec reased  sens i -  
t i v i t y  t o  a repea ted  s t i m u l u s  p a t t e r n . )  A cons is -  
t e n t  d i f f e r e n c e  appears  i n  t h e  t o r s i o n  pendulum 
parameters  depending upon whether they  are estimated 
from eye movement r eco rd ing  o r  from s u b j e c t i v e  
s e n s a t i o n  of r o t a t i o n .  I n  p a r t i c u l a r ,  Groen' and 
o t h e r s  po in t  ou t  t h a t  t h e  long pe r iod  t i m e  cons t an t  
(cupula r e t u r n  phase) i s  es t ima ted  a t  approximate ly  
10 sec  f o r  t h e  l a te ra l  c a n a l  i n  s u b j e c t i v e  
cupulometry,  but i t  appea r s  c l o s e r  t o  1 6  sec based 
on t h e  nystagmus cupulogram. S ince  both  t h e  sub- 
j e c t i v e  s e n s a t i o n  of r o t a t i o n  and t h e  angu la r  
v e l o c i t y  of slow phase nystagmus are t h e o r e t i c a l l y  
p r o p o r t i o n a l  t o  cupula  d isp lacement ,  they  should 
both  fo l low t h e  same t ime cour se  of decay u n t i l  
pas s ing  through t h e i r  r e s p e c t i v e  t h r e s h o l d  l e v e l s ,  
and they should i n d i c a t e  t h e  same cupula  dynamics. 
Adapta t ion  and h a b i t u a t i o n  could  occur  c e n t r a l l y  
or p e r i p h e r a l l y .  

The neuroanatomical pathways from t h e  v e s t i -  
bu la r  system t o  oculomotor c o n t r o l  and t o  t h e  
cerebe l lum show branching  of pathways a t  t h e  v e s t i -  
b u l a r  and oculomotor n u c l e i .  We assume t h a t  some 
of t h e  a d a p t a t i o n  and h a b i t u a t i o n  appa ren t  i n  t h e  
s u b j e c t i v e  response  should  be l a c k i n g  i n  t h e  more 
d i r e c t  p a t h  of t h e  v e s t i b u l a r - o c u l a r  loop .  It is 
p a r t i c u l a r l y  i n s t r u c t i v e  t o  examine t h e  d a t a  of 
Hulk and Jongkees" and t h e  e x  e r i m e n t a l  r e s u l t s  
ob ta ined  by Guedry and Lauver '' measuring t h e  sen- 
s a t i o n  of angu la r  v e l o c i t y  i n  response  t o  s t e p s  of 
angu la r  a c c e l e r a t i o n .  Whereas t h e  nystagmus 
response  t o  a s t e p  i n  a c c e l e r a t i o n  g e n e r a l l y  
fo l lows  t h e  t o r s i o n  pendulum model, r i s i n g  exponen- 

c o n s i s t e n t  d i f f e r e n c e s  between t h e  f requency  
r e sponse  phase l a g s  of s u b j e c t i v e  and o b j e c t i v e  
measurements l e d  u s  to  a f i r s t  model f o r  a d a p t a t b n  
in the s e m i c i r c u l a r  cana l - - subjec t ive  s e n s a t i o n  of 
rotation--nystagmus pathways, shown i n  Fig.  7 .  
T h i s  p re l imina ry  model r ecogn izes  t h a t  t h e  cupula  
response  S i g n a l  undergoes more c e n t r a l  p rocess ing  
i n  the s u b j e c t i v e  loop  t h a n  i n  t h e  nystagmus loop .  
In p a r t i c u l a r ,  Young and Oman inc lude  a pure d e l a y  
time of 0.3 sec and l i n e a r  a d a p t a t i o n  dynamics of 
t h e  form s/(s+ .U33) as w e l l  a s  t h e  th re sho ld  non- 
l i n e a r i t y .  
s imple  exponen t i a l  &ecay w i t h  t i m e  c o n s t a n t  of 30 
sec i n  response  t o  a s t eady  s t i m u l a t i o n  o r  cupula  
d e f l e c t i o n  ang le .  F ig .  8 i l l u s t r a t e s  t h e  model 
response  of s u b j e c t i v e  v e l o c i t y  and nystagmus t o  a 
sudden i n c r e a s e  i n  angu la r  v e l o c i t y  such as used i n  
t h e  cupulogram impulse test. The nystagmus cu rve  
fo l lows  t h e  cupula  model, decaying w i t h  a long  t i m e  
c o n s t a n t  of 1 6  sec. The s u b j e c t i v e  angu la r  ve lo -  
c i t y ,  based on  the same cupula  d e f l e c t i o n ,  e x h i b i t s  
a d i f f e r e n t  t r a n s i e n t  behavior ,  r e t u r n i n g  t o  ze ro  
and overshoot ing  s l i g h t l y  b e f o r e  f i n a l l y  decaying .  
When t h e  nystagmus d a t a  taken  f o r  s e v e r a l  d i f f e r e n t  
impulse h e i g h t s  i s  examined i n  terms of t h e  dura- 
t i o n  of p o s t - r o t a t i o n  nystagmus o r  t ime u n t i l  t h e  
cu rve  passes  bdlow t h r e s h o l d ,  i t  would of c o u r s e  
i n d i c a t e  a long t ime c o n s t a n t  of 16  sec. I f  t h e  
s u b j e c t i v e  angu la r  v e l o c i t y  d a t a  i s  s i m i l a r l y  
t r e a t e d ,  however, and t h e  t i m e  d u r a t i o n  e s t ima ted  
as though t h e  entire system were second o r d e r ,  t h e  
appa ren t  t ime c o n s t a n t  i s  approximate ly  10 sec. 
These t w 9  numbers a g r e e  very  c l o s e l y  w i t h  t h e  
observed o b j e c t i v e  and s u b j e c t i v e  t ime c o n s t a n t s  
de r ived  from cupulometry. The e f f e c t  of t h e  adapta- 
t ion i n  the s u b j e c t i v e  loop  is t o  s h o r t e n  t h e  
apparent  (second o r d e r )  s u b j e c t i v e  t ime cons t an t .  
No t i ce  a l s o  t h a t  t h e  l i n e a r  s u b j e c t i v e  response  
ove r shoo t s ,  and i f  t h e  magnitude of t h e  overshoot  
is s u f f i c i e n t  t o  exceed th re sho ld ,  a "second 
e f f e c t "  or s u b j e c t i v e  r e v e r s a l  would b e  p r e d i c t e d .  
Th i s  reversal has  been noted many t imes ,  and i t  is 
p o s s i b l y  expla ined  by t h e  e f f e c t  of t h e  a d a p t a t i o n .  
The a c t u a l  t i m e  c o n s t a n t  of a d a p t a t i o n ,  incidentally, 
has  r e l a t i v e l y  l i t t l e  e f f e c t  on t h e  apparent  t ime 
c o n s t a n t  crf the s u b j e c t i v e  response .  The frequency 
r e sponse  of t h e  l i n e a r i z e d  s e m i c i r c u l a r  cana l  model 
i nc lud ing  t h e  a d a p t a t i o n  and dead t i m e  is g iven  i n  
F ig .  9 .  T h i s  f requency  response  is v e r y  similar t o  
t h e  f requency  response  of t h e  s imple  t o r s i o n  pen- 
dulum model as used t o  match nystagmus d a t a  f o r  
f r equenc ie s  i n  t h e  range  0.1 t o  2 r a d l s e c  where 
n e a r l y  a l l  of  t h e  test r e s u l t s  l i e .  For v e r y  low 
f r equenc ie s ,  however, t h e  model p r e d i c t s  even 
g r e a t e r  phase l ead  and lower ampl i tude  r a t i o  t h a n  
t h e  t o r s i o n  pendulum model. S i n u s o i d a l  r e sponse  
d a t a  is no t  now a v a i l a b l e  a t  t h e s e  f r equenc ie s ;  
however, t h e s e  p r e d i c t i o n s  are c o n s i s t e n t  w i t h  t h e  
observed t r a n s i e n t  r e sponses  f o r  long d u r a t i o n s .  
4lthough t h e  d i f f e r e n c e s  between s u b j e c t i v e  and 
Dbjec t ive  phase l a g  t o  s i n u s o i d a l  s t i m u l a t i o n  i n  
t h e  r e g i o n  of  0.1 t o  2 r a d / s e c  is small, t h e  
presence  of  t h e  pure  d e l a y  i n  t h e  s u b j e c t i v e  p a t h  
does i n t r o d u c e  more phase l a g  f o r  s u b j e c t i v e  than  
f o r  o b j e c t i v e  r e sponses ,  i n  agreement w i t h  our  
exper imenta l  f i nd ings .  

The ada  t a t i o n  dynamics r e p r e s e n t  a 

t i a l l y  t o  a c o n s t a n t  level, t h e  s u b j e c t i v e  r e sponse  
begins  t o  dec rease  a f t e r  20 t o  30 sec of c o n s t a n t  Having v e r i f i e d  t h a t  t h e  a d a p t a t i o n  model 

s t i m u l a t i o n .  These observations, co,,,bined w i t h  the  produces generally correct responses to s i n u s o i d a l  



and a c c e l e r a t i o n  impulse s t i m u l i ,  i t  remained to  
check i t  a g a i n s t  h ighe r  o rde r  i n p u t s .  For cons id-  
e r a t i o n  of long d u r a t i o n  s t e p s  of angu la r  a c c e l e r a -  
t i o n ,  Guedry and Lauver 's  d a t a  were a v a i l a b l e  t o  
check t h e  model. A s  seen  i n  Fig.  10, t h e  shape  or 
t h e  t r a n s i e n t  d a t a  g e n e r a l l y  a g r e e s  wi th  t h e  model 
f o r  bo th  nystagmus response  and s u b j e c t i v e  sensa-  
t i o n ,  a l though t h e  magnitude of t h e  exper imenta l  
s u b j e c t i v e  v e l o c i t y  was h ighe r  than  u s u a l l y  ob- 
t a ined  by approximate ly  50X. Some long  term adap- 
t a t i o n  e f f e c t s  may a l s o  be ev iden t  i n  t h e  nystagmus 
d a t a .  The same t y p e  of i npu t  is used t o  de te rmine  
t h e  l a t ency  t i m e  t o  s e n s a t i o n  of r o t a t i o n  f o r  
cons t an t  angu la r  a c c e l e r a t i o n .  The model match 
w i t h  ex e r i m e n t a l  d a t a  of Meiry' and of C la rk  and 
Stewar tPH is very  good except  a t  v e r y  low acceler- 
a t i o n s ,  as seen  i n  Fig.  11. 

One s a t  of d a t a  which is not  matched by t h e  
s u b j e c t i v e  respo:ise a d a p t a t i o n  model i s  t h e  dura- 
t i o n  of s e n s a t i o n  fo l lowing  a ste? froill very  h igh  
angu la r  v e l o c i t i e s .  S ince  t h e  l i n e a r  model response 
t o  a v e l o c i t y  s t e p  c r o s s e s  ze ro ,  i t  p r e d i c t s  a 
maximum d u r a t i o n  of pos t - ro t a t ion  s e n s a t i o n  of 
approximate ly  20 sec, whereas Van Egmond e t  a1 show 
d a t a  i n d i c a t i n g  d u r a t i o n s  of over  35 s e c  f o r  
50-b0°/sec v e l o c i t y  s t e p s .  

I t  i s  impor tan t  t o  remember t h a t  t h i s  s e m i -  
c i r c u l a r  cana l  a d a p t a t i o n  model a p p l i e s  on ly  t o  
decreased  s u b j e c t i v e  response  t o  s t eady  s t i m u l a t i o n  
I t  does not a t t e m p t  t o  d e a l  w i th  t h e  f a s c i n a t i n g  
and p r a c t i c a l  problem of h a b i t u a t i o n  t o  r epea ted  
s t imu lus  p a t t e r n s .  "Ves t ibu lar  t r a i n i n g "  of p i l o t s ,  
a c r o b a t s ,  i c e  skaters, and o t h e r s  undoubtedly 
involves  such l e a r n i n g ,  i n  which f a m i l i a r  v e s t i -  
b u l a r  response p a t t e r n s  are recognized  and sup- 
pressed .  The d i f f e r e n c e  i n  s u b j e c t i v e  s e n s a t i o n  
between jumping o f f  a s ta i r  and descending  
suddenly i n  an  e l e v a t o r  is a n  obvious  example of 
CNS h a b i t u a t i o n ,  perhaps through t h e  " e f f e r e n t  
copy'' mechanism. 

OTOLITHS 

P h y s i c a l  C h a r a c t e r i s t i c s  

Each non-auditory l a b y r i n t h  i n  man c o n t a i n s  
two o t o l i t h s  of u n c e r t a i n  f u n c t i o n ,  t h e  u t r i c l e  
l y i n g  near  t h e  j u n c t i o n  of t h e  s e m i c i r c u l a r  c a n a l s  
and t h e  saccu le  s l i g h t l y  below. The u t r i c u l a r  
o t o l i t h  is shown schemat i ca l ly  i n  F ig .  1 2 .  The 
g e l a t i n o u s  mass l a b e l l e d  " o t o l i t h "  c o n t a i n s  many 
o tocon ia ,  or calcium ca rbona te  c r y s t a l s ,  g iv ing  i t  
a d e n s i t y  l a r g e r  than  t h e  sur rounding  f l u i d .  The 
o t o l i t h  can  s l i d e  ove r  t h e  macula,  r e s t r a i n e d  by 
suppor t ing  h a i r s  and senso ry  cells .  The d i s p l a c e -  
ment i s  l i m i t e d  t o  approximate ly  0 . 1  mm, and t h e  
bending of t h e  c e l l s  i s  t r a n s m i t t e d  as  n e u r a l  
s i g n a l s  from t h e  macula. 
on n e u r a l  f i r i n g  p a t t e r n s  by Adr i an , l9  Lowenstein 
and Sand2' and o t h e r s  r e v e a l s  a p a r t i a l l y  adap t ing  
response  t o  s u s t a i n e d  t i l t  of t h e  o t o l i t h  w i t h  
r e s p e c t  t o  t h e  v e r t i c a l .  

E l e c t r o p h y s i o l o g i c a l  d a t a  

Models of O t o l i t h  Function 

There h a s  been almost no i n t e n s i v e  r e sea rch  
in to  t h e  p r e c i s e  physical-mechanism o p e r a t i o n  of 
t h e  o t o l i t h s .  Thei r  s t r u c t u r e  does  sugges t  an 
overdamped mass-spring-dashpot model l i n e a r  a c c e l -  
erometer. The o tocon ia  make t h e  o t o l i t h  denser  
t han  t h e  sur rounding  f l u i d  so t h a t  it is d i sp laced  
by i n e r t i a l  r e a c t i o n  f o r c e s .  The d isp lacement  is 
opposed by v i s c o u s  f o r c e s  a s s o c i a t e d  wi th  shea r  
f o r c e s  i n  t h e  endolymph and wi th  c e n t e r i n g  e l a s t i c  
r e s t r a i n t  f o r c e s  genera ted  by t h e  h a i r  c e l l s .  Some 
measurements t aken  by d e  h ies ' '  on f i s h  o t o l i t h s  
suppor t  t h e  model. 
o rde r  term a t t r i b u t a b l e  t o  f l u i d  pumping i n t o  a 
secondary chamber, b u t  no phys ica l  ev idence  is 
a v a i l a b l e  t o  suppor t  t h i s  no t ion .  I t  i s  g e n e r a l l y  
agreed  t h a t  the sens ing  mechanism is bending of t h e  
h a i r  ce l l s ,  making t h e  t r ansduce r  r e spons ive  
p r i m a r i l y  t o  t h e  shea r  components of a c c e l e r a t i o n  
de f ined  w i t h  r e s p e c t  t o  t h e  p r i n c i p a l  p l ane  of t h e  
o t o l i t h ,  a l t hough  compressive f o r c e s  may a l s o  
i n f l u e n c e  t h e  o t o l i t h  ou tpu t .  I t  is not  c l e a r l y  
unders tood  what t h e  r o l e  of t h e  saccu le  i s  i n  human 
o r i e n t a t i o n  and p o s t u r a l  c o n t r o l .  R e l a t i v e l y  l a r g e  
t h r e s h o l d s  to  s e n s a t i o n  of t i l t  a n g l e  a t  o r i e n t a -  
t i o n s  f a r  from t h e  u p r i g h t  i n d i c a t e  t h a t  t h e  system 
is not  symmetric a long  a l l  t h r e e  axes ,  bu t  r a t h e r  
i s  optimized f o r  t h e  e r e c t  pos tu re .  

Mayne" has  p o s t u l a t e d  a t h i r d  

W e  have been working f o r  s e v e r a l  y e a r s  on 
developing  f u n c t i o n a l  dynamic models of t h e  non- 
v i s u a l  g r a v i r e c e p t o r s  and checking t h e  models w i t h  
behav io ra l  exper iments .  Young proposed a s i n g l e  
second o rde r  s t r u c t u r e  wi th  a c c e l e r a t i o n  and j e r k  
terms i n  1963.3 Meiry performed a number of . 
p ionee r ing  c o n t r o l  exper iments  u s ing  pure l i n e a r  
a c c e l e r a t i o n  s t i m u l i ,  e s p e c i a l l y  a c c e l e r a t i o n  s t e p s  
and s i n u s o i d s .  

A t  t h e  sugges t ionsof  D r .  H. Von Gierke ,  a 
s ta t ic  component w a s  inc luded  i n  t h e  o t o l i t h  model.* 
The r e v i s e d  l i n e a r  model, which a l lows  s t eady  state 
response  t o  a c c e l e r a t i o n ,  is shown i n  F ig .  13 .  
T h i s  model r e p r e s e n t s  on ly  one a x i s  of t h e  t h r e e  
a x i s  system, responding  t o  t h e  l a te ra l  component of 
s p e c i f i c  f o r c e .  

T h i s  r e v i s e d  l i n e a r  model w i l l  act  approxi -  
mate ly  as a v e l o c i t y  t r ansduce r  over  t h e  mid- 
frequency r ange  (0.19 < w < 1.5 r a d l s e c ) .  The 
t r a n s f e r  f u n c t i o n  from s p e c i f i c  f o r c e  t o  perce ived  
t i l t  o r  l a te ra l  a c c e l e r a t i o n  h a s  a s ta t ic  s e n s i -  
t i v i t y  of  0.4. 

The ampl i tude  r a t i o  and phase v s .  f requency  
f o r  t h e  r e v i s e d  model is shown i n  F ig .  1 4 ,  a long  
w i t h  Meiry ' s  expe r imen ta l  phase d a t a  on t h e  rela- 
t i o n  between perce ived  l i n e a r  velocity and a c t u a l  
h o r i z o n t a l  s i n u s o i d a l  v e l o c i t y .  The f i t  t o  t h e  
expe r imen ta l  d a t a  is e x c e l l e n t ,  a l t hough  i t  c l e a r l y  
i n d i c a t e s  t h e  need f o r  a d d i t i o n a l  exper iments  a t  

* The r m a i n d e r  of t h i s  s e c t i o n  is based on t h e  
paper ,  "A Revised Dynamic O t o l i t h  l iodel," by L. R .  
Young and J. L. Meiry, p re sen ted  a t  t h e  Thi rd  
Symposium on t h e  Role of t h e  V e s t i b u l a r  Organs i n  
Space Exp lo ra t ion ,  Pensacola ,  F l o r i d a ,  January  
1967. 



f r equenc ie s  below 0 . 2  r a d l s e c  t o  v e r i f y  t h e  pre- 
d i c t e d  drop  i n  phase l e a d .  

Recent suppor t ing  ev idence  f o r  t h i s  model was 
based on dynamic c o u n t e r r o l -  provided by Rellogg2 

l i n g  exper iments .  
tile t o r s i o n a l  r o t a t i o n  of t h e  eye  w a s  measured 
v e r s u s  l a te ra l  head t i l t  f o r  c o n s t a n t  v e l o c i t y  
r o t a t i o n  about  a h o r i z o n t a l  a x i s  a t  v a r i o u s  rates. 
The c o u n t e r r o l l i n g  p o i n t s  shown i n  F ig .  14  were 
taken  from Kel logg ' s  c u r v e  f i t  d a t a  f o r  two sub- 
j e c t s ,  each r o t a t e d  c lockwise  and counterc lockwise  
a t  r a t e s  from 5 t o  30 rpm. Not ice  t h e  o v e r a l l  
agreement of t h e  c o u n t e r r o l l i n g  phase l a g  d a t a  wi th  
t h e  o t o l i t h  model over  t h e  r e g i o n  t e s t e d .  The 
ampl i tude  r a t i o  of t h e  c o u n t e r r o l l i n g  d a t a ,  r e l a t e d  
t o  t h e  o t o l i t h  model by a n  a r b i t r a r y  c o u n t e r r o l l i n g  
index, shows a dec rease  i n  t h e  v i c i n i t y  of t h e  
model break  frequency a t  1.5 r a d / s e c .  Extens ion  of  
t h e  dynamic c o u n t e r r o l l i n g  d a t a  t o  t h e  r eg ion  0.1 
t o  2.0 rpm would be exceedingly  u s e f u l .  The known 
ze ro  phase l a g  f o r  s ta t ic  c o u n t e r r o l l i n g  was one 
redson f o r  model r e v i s i o n .  

'The magnitude and phase  l a g  of 

The a c c e l e r a t i o n  th re sho ld  i n  t h e  r e v i s e d  
model r a i s e d  t h e  problem of i ts p h y s i o l o g i c a l  
i n t e r p r e t a t i o n .  On t h e  one hand, t h e  l e a d  term i n  
t h e  t r a n s f e r  f u n c t i o n  could  be a t t r i b u t e d  t o  a more 
complex mechanical model of t h e  o t o l i t h ,  perhaps  
inc lud ing  t h e  e f f e c t  of a second mass-spring- 
dashpot combination r e p r e s e n t i n g  movement of t h e  
macula wi th  r e s p e c t  t o  t h e  bony s t r u c t u r e .  Mayne 
has  independent ly  explored  t h i s  avenue and sug- 
ges t ed  a p o s s i b l e  mechanical o t o l i t h  model which 
combines a s p e c t s  of a conven t iona l  acce le romete r  
and a n  i n t e g r a t i n g  acce le romete r .  
hand, t h e  l ead  term could  be a t t r i b u t e d  t o  t h e  
neu ro log ica l  end, e i t h e r  i n  c e n t r a l  p rocess ing  of 
o t o l i t h  d isp lacement  s i g n a l s  o r  th rough t h e  pres -  
ence of two types  of h a i r  cel ls  i n  each  macula; one 
responding t o  o t o l i t h  d isp lacement  o r  h a i r  bending, 
t h e  o t h e r  responding t o  rate of change of o t o l i t h  
d isp lacement  r ra te  of change of h a i r  bending. 
S i m i l a r l y ,  t t L  h a i r  cQ1s could  produce t h e  l ead  
term i f  they  were of t h e  slowly adap t ing  type  
p o s t u l a t e d  by s e v e r a l  r e s e a r c h e r s .  

On t h e  o t h e r  

Because of i t s  compa tab i l i t y  w i t h  t h e  time-to- 
t h re sho ld  d a t a ,  w e  f avor  t h e  e x p l a n a t i o n  of t h e  
l ead  term on t h e  b a s i s  of n e u r o l o g i c a l  a d a p t a t i o n  
o r  process ing  of o t o l i t h  d isp lacement ,  r a t h e r  t han  
a t t r i b u t i n g  i t  t o  t h e  mechanical s t r u c t u r e .  The 
n o n l i n e a r  o t o l i t h  model i s  shown i n  F ig .  15. The 
th re sho ld  is he re  shown as based on  a m i n i m u m  
d e v i a t i o n  of t h e  o t o l i t h  wi th  r e s p e c t  t o  t h e  macula 
r a t h e r  than  a minimum ou tpu t  of t h e  t o t a l  model. 
The th re sho ld  level may be  r e l a t e d  t o  s p e c i f i c  
f o r c e ,  bu t  no t  t o  o t o l i t h  d isp lacement  a t  t h i s  t i m e .  

The a b i l i t y  of t h e  non l inea r  model t o  match 
d a t a  on l a t e n c y  t ime f o r  pe rcep t ion  of c o n s t a n t  
h o r i z o n t a l  l i n e a r  a c c e l e r a t i o n  is shown i n  F ig .  16 .  
The model assumed a n  a b s o l u t e  t h r e s h o l d  of  approxi -  
mate ly  0.005 g ,  which p laced  t h e  0.01 g l a t e n c y  
t i m e  a t  5 seconds as  pe r  t h e  d a t a  p o i n t .  The 
remainder of t h e  model p r e d i c i t o n  f i t s  t h e  d a t a  
exceedingly  w e l l .  

CROSS-COUPLING EFFECTS BETWEEN LINEAR AND ANGULAR 
SENSORS" 

The n o t i o n  t h a t  human v e s t i b u l a r  pe rcep t ion  
of r o t a t i o n  i s  un ique ly  a t t r i b u t a b l e  t o  t h e  s e m i -  
c i r c u l a r  c a n a l  models,  and pe rcep t ion  of l i n e a r  
a c c e l e r a t i o n  a t t r i b u t a b l e  on ly  t o  t h e  o t o l i t h s ,  is 
c l e a r l y  a n  o v e r s i m p l i f i c a t i o n .  A t e n t a t i v e  model 
used t o  t i e  t o g e t h e r  some of t h e  d a t a  on v e s t i b u l a r  
c ross -coupl ing  between angu la r  and l i n e a r  a c c e l e r a -  
t i o n s  is shown i n  F ig .  17.  I t  was based on t h e  
fo l lowing  assumptions: 

1. 

2 .  

3 .  

Lateral d isp lacement  of t h e  o t o l i t h ,  c o r r e s -  
ponding t o  a s h e a r  component of s p e c i f i c  
f o r c e ,  produces a n  a d d i t i v e  component of 
nystagmus w i t h  t h e  slow phase i n  t h e  d i r e c t i o n  
of t h e  o t o l i t h  d isp lacement  (compensatory) and 
wi th  s e n s i t i v i t y  of t h e  o r d e r  of 10° / sec /g .  
We w i l l  c a l l  i t h i s  l i n e a r  a c c e l e r a t i o n  
s i n s i t i v e  component "L-nystagmus." 

The r e s u l t i n g  eye movement nystagmus i s  d e t e r -  
mined by t h e  v e c t o r  a d d i t i o n  of t h e  s e m i -  
c i r c u l a r  c a n a l  and o t o l i t h  c o n t r i b u t i o n s .  

The s e m i c i r c u l a r  cana l  c o n t r i b u t i o n  may be 
in f luenced  by l i n e a r  f o r c e s  e i t h e r  through 
d i s t e n s i o n  of t h e  c a n a l  o r  by u t r i c u l a r  
i n h i b i t  i on .  

The in fo rma t ion  upon which t h i s  model w a s  
developed came from a v a r i e t y  of sou rces  and rep- 
r e s e n t e d  a number of d i f f e r e n t  t ypes  of i n v e s t i g a -  
t i o n .  S ince  t h e  d a t a  were p r i m a r i l y  of The 
input -output  v a r i e t y  ( a c c e l e r a t i o n  i n ,  nystagmus 
o u t ) ,  t h e  b a s i s  f o r  a s s i g n i n g  f u n c t i o n s  t o  t h e  
o t o l i t h s ,  is r e l a t i v e l y  weak. 

V e s t i b u l a r  nystagmus has  c h a r a c t e r i s t i c a l l y  
been  a t t r i b u t e d  t o  t h e  s t i m u l a t i o n  of t h e  s e m i -  
c i r c u l a r  c a n a l s  and expla ined  t e l e o l o g i c a l l y  i n  
terms of t h e  requi rement  f o r  ma in ta in ing  a " s t a b l e  
p la t form" of t h e  eyes  i n  space  d e s p i t e  motion of 
t h e  head. Most a t t e m p t s  t o  e l i c i t  v e s t i b u l a r  
nystagmus by s t i m u l a t i o n  of on ly  t h e  l i n e a r  acce l -  
e r a t i o n  s e n s o r s  have met y i t h  equ ivoca l  r e s u l t s  i n  
t h e  p a s t .  . 

I n  a set of c o n t r o l l e d  exper iments  u s ing  
p e r i o d i c  l i n e a r  a c c e l e r a t i o n  s t i m u l i  i n  t h e  h o r i -  
z o n t a l  p l ane ,  Niven e t  a l X 4  found c o n s i s t e n t  h o r i -  
z o n t a l  nystagmus cor responding  t o  L-nystagmus of 
s e n s i t i v i t y  16  deg / sec /g .  

Two s e p a r a b l e  e f f e c t s  can  be  observed when t h e  
v e s t i b u l a r  system i s  sub jec t ed  t o  prolonged stimu- 
l u s  by a r o t a t i n g  s p e c i f i c  f o r c e .  F i r s t  of a l l  one 
sees a c y c l i c  modulation of nystagmus, more o r  less 
i n  phase w i t h  t h e  component of s p e c i f i c  f o r c e .  
T h i s  AC component can  l ead  t o  r e v e r s a l  of nystagmus 
d i r e c t i o n  d u r i n g  par t  of t h e  c y c l e ,  as noted  by 
Benson and Bodin." 
L-nystagmus and cons ide r  it a l i k e l y  r e p r e s e n t a t i o n  

* T h i s  p o r t i o n  of t h e  paper i s  based on " E f f e c t s  

We a t t r i b u t e  t h i s  p o r t i o n  t o  

of L inea r  Acce le ra t ion  on V e s t i b u l a r  Nystagmus," 
by  L. R. Young p resen ted  a t  t h e  Th i rd  Symposium 
on  t h e  Role of t h e  V e s t i b u l a r  Organs i n  Space 
Exp lo ra t ion ,  Pensacola ,  F l o r i d a ,  January 1967. 



of t h e  c o n t r i b u t i o n  of t h e  o t o l i t h s  t o  t o t a l  eye  
movement s t a b i l i z a t i o n .  I n  a d d i t i o n  one n o t e s  
t h a t  t h e  average  nystagmus does  not  d i e  ou t  du r ing  
prolonged s t i m u l a t i o n  but  r a t h e r  remains a t  some 
f i n i t e  l e v e l  c o n s i s t e n t  w i t h  t h e  d i r e c t i o n  of  
apparent  roca t ion .  Th i s  work w a s  s t imu la t ed  by 
r ecen t  human exper iments  by Benson and Bodin and 
by Corre ia  and CuedryL6 followed bv e l ec t tophys io -  
l o g i c a l  measurements by Benson, Gurdry, and Jones'.' 

These "barbecue s p i t "  exper iments  involved a 
s i n u s o i d a l  l i n e a r  a c c e l e r a t i o n  s t imu lus  and a con- 
s t a n t  angu la r  v e l o c i t y  s t imu lus  which would 
normally g i v e  no prolonged v e s t i b u l a r  nystagmus. 
S t e e r  induced t h i s  type  of response  by c o u n t e r r o t a -  
t i ng  h i s  s u b j e c t s  i n  a c h a i r  a t  t h e  end of a 32 f t .  
arm on t h e  N.I.T. In s t rumen ta t ion  Labora tory  
P rec i s ion  Cen t r i fuge .  Using a r o t a t i n g  0.3 g 
a c c e l e r a t i o n  v e c t o r ,  he produced t h e  s i n u s o i d a l  and 
b i d s  components of slow phase nystagmus. H i s  
summary curve ,  i nc lud ing  t h e  " r o l l e r  pump model" 
p r e d i c t i o n  f o r  b i a s ,  i s  g iven  i n  F ig .  18. 

S t e e r  c a l c u l a t e d  t h e  magnitude of a " r o l l e r  
pump" a c t i o n  which would account  f o r  t h e  s t eady  
b i a s  i n  nystagmus du r ing  a r o t a t i n g  l i n e a r  acce l -  
e r a t i o n  s t imu lus  and found i t  a f e a s i b l e  explana- 
t i o n .  Th i s  s o l u t i o n  r e s t s  on t h r e e  obse rva t ions .  
F i r s t ,  t h e  membranous l a b y r i n t h  i s  f i rmly  a t t a c h e d  
t o  the  bony c a n a l s  a t  t h e  o u t e r  c i rcumference  but  
is unsupported a t  t h e  innz r  c i rcumference .  Second, 
t h e  d e n s i t y  of t h e  membranous l a b y r i n t h  is g r e a t e r  
than t h a t  of t h e  perilymph. Th i rd ,  t h e  membranous 
l a b y r i n t h  is r e l a t i v e l y  f l e x i b l e .  Thus, as shown 
schemat i ca l ly  i n  F ig .  19,  t h e  c a n a l  w i l l  be  con- 
s t r i c t e d  a t  t h e  po in t  t h a t  i s  ins t an taneous ly  
"down," and t h i s  c o n s t r i c t i o n  w i l l  r o t a t e  around 
t h e  cana l  w i th  a r o t a t i n g  l i n e a r  a c c e l e r a t i o n  s t i m -  
u l u s ,  pushing f l u i d  ahead and d e f l e c t i n g  t h e  cupula. 
The q u a n t i t a t i v e  r e s u l t s  of exper iments  c a r r i e d  o u t  
t hus  f a r  suppor t  such  a theory ,  bu t  f a r  more 
r e sea rch  on the s u b j e c t  remains t o  be  done. 

CONCLUSIONS _______ 
A summary of our  c u r r e n t  t h e o r i e s  on bio- 

cybe rne t i c  models of t h e  human v e s t i b u l a r  system is  
g iven  i n  Fig.  20. Even on t h e  "b lack  box" 
modelling l e v e l ,  t h e r e  are s t i l l  many a r e a s  t o  be 
f i l l e d  i n  a t  t h i s  po in t .  For s e m i c i r c u l a r  c a n a l  
dynamics, t h e  f l u i d  dynamics a n a l y s i s  has  shown t h e  
s i m p l e  t o r s i o n  pendulum approach t o  account  f o r  
over  95;: of t h e  cupula  regponse,  and consequent ly  
i t  is  used as t h e  model. However, t h e  d e t a i l e d  
c a n a l  dynamics, i n f e r r e d  from nystagmus r eco rd ings ,  
a r e  only  known wi th  conf idence  f o r  t h e  h o r i z o n t a l  
c a n a l s .  Ca re fu l  e l e c t r o p h y s i o l o g i c a l  r eco rd ings  of 
neu ra l  s i g n a l s  from each of t h e  c a n a l s  i n  a p r ima te  
would g i v e  more d i r e c t  ev idence  as t o  t h e  e x a c t  
break  f r equenc ie s  a t  t h e  mechanical end organ ,  a l -  
though t h e  p r e c i s e  numbers are probably  of l i m i t e d  
i n t e r e s t .  For t h e  p o s t e r i o r  and s u p e r i o r  c a n a l s ,  
w e  assume t h a t  t h e  a c t u a l  mechanica l  break  f r e -  
quency i s  somewhat less than  t h e  v a l u e  of 0.14, de- 
duced on t h e  b a s i s  of a 7 s e c  t i m e  c o n s t a n t  
observed i n  s u b j e c t i v e  responses .  Although a 
s p e c i f i c  model is proposed f o r  s u b j e c t i v e  angu la r  
v e l o c i t y  a d a p t a t i o n  i n  t h e  c a s e  of l a te ra l  c a n a l  
s t i m u l a t i o n ,  i t  must a l s o  be assumed t h a t  some 

a d a p t a t i o n  o c c u r s  f o r  t h e  o t h e r  c a n a l s .  I n  addi -  
t i o n ,  slow a d a p t a t i o n  undoubtedly a l s o  a p p l i e s  t o  
t h e  nystagmus response  i n  man, a l though  t h i s  is 
somewhat d i f f i c u l t  t o  demonst ra te  c o n s i s t e n t l y .  
The models f o r  t h e  o t o l i t h  system a r e  based 
p r i m a r i l y  on  pe rcep t ion  of d i r e c t i o n  of motion and 
measurement of c o u n t e r r o l l i n g  ang le .  I t  is assumed 
t h a t  s i m i l a r  dynamics apply  t o  t h e  s a g g i t a l  a x i s ,  
o r  a t  least t o  t h e  a x i s  i n  t h e  s a g g i t a l  p l ane  
i n t e r s e c t i n g  t h e  p l ane  of t h e  f l a t  p a r t  of t h e  
u t r i c u l a r  o t o l i t h .  Models f o r  dynamics a long  t h e  
t h i r d  o r thogona l  a x i s  of t h e  l i n e a r  a c c e l e r a t i o n  
s y s t e m  normal t o  t h e  p l ane  of t h e  u t r i c l e  (and 
perhaps invo lv ing  t h e  saccu le s )  remain n e a r l y  com- 
p l e t e l y  wi thout  suppor t ing  d a t a  i n  man a t  t h i s  
t i m e .  It i s  c l e a r  t h a t  i n  a d d i t i o n  t o  t h e  l a r g e  
mmber of cha l l eng ing  neurophys io log ica l  problems 
brought f o r t h  By t h i s  b iocybe rne t i c  approach, t h e r e  
remains a s i g n i f i c a n t  amount of work t o  be done by 
t h e  a p p l i c a t i o n  of conven t iona l  c o n t r o l  t heo ry  t o  
t h i s  mu l t i - i npu t ,  mul t i -ou tput  b i o l o g i c a l  system. 
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(from Fogel) 



Fia. 3. Torus placement relative to a cvlindrical 
coordinate svstem for calculation o f  its dvnamics 

(from Steer) 
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Fig.  5 Time course fo l lowing  a sudden cessation 
of ro ta t ion  

a .  Nystagmus -Groen , Lowenstein,  Vendrick 
b . Subjective velocity - Van Egmond 

Groen, Jongkees 
c .  Oculogyral  i l lus ion  - C a w t h o r n e ,  

H a l l p i k e ,  Hood,  Dix 
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S.C. N. ‘L.  ‘L,,. 
F i g .  12 . S c h e m a t i c  d r a w i n g  of a cross . s e c t i o n  
of a n  o t o l i t h  and  i t s  macu la .  0. i s  t h e  o t o l i t h ,  
s u s p e n d e d  by s t r a n d s  w h i c h  r u n  f r o m  t h e  m a r g i n s  t o  
t h e  n lacula ,  c o n s i s t i n g  of s u p p o r t i n g  ce l l s  (Sp.c) 
a n d  s e n s o r y  ce l l s  ( S . C . )  . Between t h e  o t o l i t h  
and  t h e  m a c u l a  there i s  a t h i n  l a y e r  (L.) t o  a l l o w  
t h e  o t o l i t h  t o  s l ide  o v e r  t h e  m a c u l a .  N. is  t h e  
n e r v e .  (from Groen e t  a l )  
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area A 

Fjgurc 19 . 
D i s t c m s i o n  of a f l c x i b I t .  t o r o i d a l  duct due to 

the i n f l u c n c c  of g r a v i t y  on the density of 
the duct (a) or t h e  density diffcrencc 

bctwcren t h e  f l u i d s  

(frorr Steer) 
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